Summary
Antibodies specific for the skeletal muscle structural protein c+actinin are used to localize this protein by indirect immunofluorescence in nonmuscle cells. In cultured nonmuscle cells, ai-actinin is localized along or between actin filament bundles producing an almost regular periodicity.
The protein is also detected in the form of fluorescent plaques at some ends of actin filament bundles, as well as in a filamentous form in some overlap areas of cells. In spreading rat embryo cells, a-actinin assumes a focal distribution which corresponds to the vertices of a highly regular actin filament network.
The results suggest that c+actinin may be involved in the organization of actin filament bundles, in the attachment of actin filaments to the plasma membrane, and in the assembly of actin filaments in areas of cell to cell contact.
Introduction
Actin is a major structural component of many eucaryotic cells (Pollard and Weihing, 1974) . In fully spread out tissue culture cells, actin filaments are organized into bundles which frequently span the whole length of the cell. Electron microscopic studies have indicated that some of these bundles may terminate at the plasma membrane in regions where the cell attaches to the underlying substrate or where two cells make contact (Abercrombie, Heaysman, and Pegrum, 1971; Heaysman and Pegrum, 1973) . In a skeletal muscle sarcomere, actin filaments attach to the "Z-line" and emerge from it on either side with opposite polarities. Lu-Actinin is a rod-shaped molecule with an approximate molecular weight of 95,000 daltons, a length of 3OOA, and a diameter of 2OA. This protein has been localized exclusively in the Z-line (Stromer and Gall, 1972; Schollmeyer et al., 1974a) (Podlubnaya et al., 1975 (Stromer and Gall, 1972; Schollmeyer et al., 1974a ), we have further tested the specificity of our antibody preparation by its pattern of staining of skeletal myofibrils.
The results are illustrated in Figures 1 and 2 (Lazarides, 1975a) have demonstrated the actin composition of phase contrast fibers. Using antibodies specific for tropomyosin, it was further shown by indirect immunofluorescence that tropomyosin is also localized within these fibers (Lazarides, 1975a, 197513) . These observations led to the suggestion that the phase contrast fibers are aggregates of actin filaments with tropomyosin bound to them. Using the phase contrast fibers as a frame of reference, Figures 3 and 4 show that a-actinin is also localized within these filament bundles. In addition, however, this molecule is also found localized between the phase contrast fibers.
Analysis of the "Periodicity" Observed with the oc-Actinin Antibody We have previously shown that even at high magnification the actin antibody exhibited a continuous fluorescence along these filament bundles. The tropomyosin antibody, however, produced a periodic fluorescence which was well resolved in some fibers when viewed under oil immersion (100X) (Lazarides, 1975a, 197513 (Lazarides, 1975b) . When the ol-actinin and the tropomyosin antibodies are applied sequentially to cells in appropriate dilutions, they produce a staining pattern without any striations, which is closely similar to that seen with the actin antibody (see Figure 12 ). These results suggest that the two types of striations seen with the a-actinin and the tropomyosin antibody are complementary.
In addition to the periodic segments, Figure 6 shows an example of the frequently enhanced fluorescence of the ol-actinin antibody at regions where many filament bundles terminate.
Figure 11 further illustrates that a-actinin can be found in regions of cell overlaps where groups of filament bundles may also be seen to terminate.
Transformations
in the Distribution of ol-Actinin Apart from the periodic segments described above, in some cells ol-actinin assumes a focal distribution. Such fluorescent foci are most pronounced in the initial stages of spreading of freshly plated cells (Figures 8 and 10 ). At later stages of spreading, the foci become progressively diminished as the striated pattern normally seen in the fully spread out cells begins to reappear.
The foci in spreading cells correspond to the vertices of a complex but highly regular network of actin filaments that can be detected by phase contrast optics and actin antibody staining (Figures 7 and 9 ) (E. Lazarides, manuscript in preparation).
The existence of these foci in both spreading and in certain, but not all, fully spread out cells indicates that their formation may be cell cycle-or cell shape-dependent.
Discussion
The results presented above demonstrate that antibodies to skeletal muscle a-actinin can be used to localize this protein in nonmuscle cells. If, however, they are homologous to muscle Z-lines, and since oc-actinin has been shown in vitro to cross-link and organize actin filaments (Podlubnaya et al., 1975) , then it seems probable that oc-actinin may also serve these functions in the filament bundles of nonmuscle cells. Besides the fluorescent periodic segments found within the actin filament bundles, Figure 6 shows that the a-actinin antibody reveals also scattered fluorescent "patches" (marked p), These patches are usually found in regions where groups of filaments terminate or converge to "focal points." These areas may represent attachment plaquesthe dense structures observed in cultured fibroblasts by electron microscopy, where the cells adhere to the underlying substratum and at which regions the actin filament bundles terminate (Abercrombie et al., 1971; Heaysman and Pegrum, 1973; Goldman et al., 1975) . Areas of cell to cell contact or overlap frequently show fluorescence with the a-actinin antibody, usually in a filamentous form (see Figure 11 ). These regions of bright fluorescence
give the appearance of a continuity between the two adjacent cells, and they may represent areas of close membrane contact between the two cells. These areas may be identical to those described at the electron microscopic level by Heaysman and Pegrum (1973) , who found that regions of close contact with increased electron dense material on each side may develop between adjacent cell membranes when two tissue culture cells collide. These transient structures appear to be similar to regions of cell substrate adhesion, and again filaments may be seen emerging from the regions of electron density (Heaysman and Pegrum, 1973) . The presence of the a-actinin fluorescence within such areas suggests that this molecule may be intimately involved in the organization of these structures and in the attachment of actin filaments to the membrane in these regions. Actin filaments have been shown to interact with cell membranes in a variety of cell types: by electron microscopy (Pollard and Korn, 1973) biochemically (Spudich, 1974; Gruenstein, Rich, and Weihing, 1975; Murray and Dubin, 1975) , and in reconstitution experiments with cytoplasmic membranes and filamentous (F) actin (Burridge and Phillips, 1975 has been demonstrated for certain types of muscle (Heuson-Stienon, 1965; Warren and Porter, 1969; Hagopian and Spiro, 1970) . As described elsewhere (F. Miller, J. Elias, and E. Lazarides, manuscript in preparation), the ol-actinin antibody used for the work presented here has been applied to frozen tissue sections, and it was found to stain, in addition to the Z-lines of the myofibrils, the intercalating discs and desmosomes of heart muscle. Similar results with regard to the localization of a-actinin in desmosomes have been presented by Schollmeyer et al. (1974b) . There is therefore an increasing body of evidence to support the belief that oi-actinin participates in the attachment of actin filaments to membranes.
We have previously shown that during cell spreading, rat embryo cells develop transiently a highly regular network of actin filaments, the vertices of which contain cr-actinin, while the connecting actin fibers contain tropomyosin (E. Lazarides, manuscript in preparation The cells were viewed with epifluorescent optics in a Zeiss PMII microscope using a 63X oil immersion lens (100X in Figures 1 and 2) . Cells were reacted for 1 hr with the tropomyosin antibody (Lazarides, 1975b) , washed, and subsequently reacted for 1 hr with the ol-actinin antibody.
The sequence of application of the two antibodies did not result in any obvious difference in the staining patterns &served,
At the end of the reaction of the a-actinin antibody, the cells were washed and further incubated for 1 hr with the fluorescein-labeled goat anti-rabbit IgG fraction. Bar = 10 pm.
